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Description

[0001] The present invention relates to a support for
cell culture, in particular of stem cells.

[0002] More in particular, the present invention relates
to a three-dimensional structure comprising matrices of
synthetic niches.

[0003] Said invention has application in particular in
the field of regenerative medicine and tissue engineering.

BACKGROUND OF THE INVENTION

[0004] Regenerative medicine adopts living cells in
treatments developed to repair injured or diseased cell
tissues. Whenever such cells are associated with matri-
ces that support their regeneration, the regenerative
strategy is referred to as tissue engineering.

[0005] The aim is to replace injured organs or tissues
by culturing cells taken from patients on a supportin cul-
tures suitable for the formation of an engineered tissue
to be implanted in the patient.

[0006] The basic strategy usually adopted is to isolate
a cell population from a patient and to expand it in vitro,
seeding the cells on a suitable support known as a "scaf-
fold". This porous structure guides the development of
the tissue and provides temporary structural support up
until when it is implanted in the patient, after which the
support is left to degrade or remain in place.

[0007] Isolated cells, indeed, do not have the capacity
to maintain tissue architecture because they lack a sup-
port that drives them. In addition to merely providing sup-
port, the scaffold must be capable of promoting the
growth and differentiation of the cells that adhere to it,
and must have determined mechanical characteristics
that vary depending on the type of cell being cultured.
[0008] On the basis of the interactions between the
extra cellular matrix and the cells that the scaffold must
simulate, it must have the following biological properties:

- Cyto-compatibility: this is the most important char-
acteristic that a scaffold must possess in order for in
vitro studies to be performed. Together with this
property, also biocompatibility is required; after it has
been implanted, the scaffold must not be toxic and
must be capable of absorbing the molecules of the
Extra Cellular Matrix (ECM) in such way that they
eventually replace it. In vivo studies also require a
good degree of biodegradability in order to permit
scaffold residues to be expelled from the organism
without causing undesired accumulations in the im-
plantation area.

- Three-dimensionality: the scaffold must prove capa-
ble of re-creating the three-dimensional (3D) envi-
ronment of the ECM. The pores must be sized in
such way as to permit both cellular activities and the
passage of nutrients. Scaffolds with high porosity
and spacious pore sizes are therefore desirable,
without this compromising the stability of the struc-
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tures and the adhesion of the cells.

-  stiffness: elasticity modulus and the degradation
methods bear fundamental importance because
they influence both the mechanical strength of the
scaffold and the differentiation and proliferation of
the cells.

[0009] Another necessary characteristic is that the
scaffold must not affect sample analysis. Scaffold signals
sometimes mask or disturb signals from cells, especially
during optical microscopy measurements (fluorescence
and other types), in this way seriously compromising the
study of culture results.

[0010] Thanks to their capacity to differentiate into dif-
ferent phenotypes and to be expanded in vitro, stem cells
are a potential solution to various problems in regener-
ative medicine, such as the scarcity of organs for trans-
plants.

[0011] The currentimpossibility to maintain stem cells
undifferentiated, particularly adult stem cells, in pro-
longed culture poses an important limit on their potential
application in the field of regenerative medicine and tis-
sue engineering.

[0012] Promoting and supporting self-renewal in vitro
is essential in developing and maintaining culture lines
with stem cells. Indeed, whenever conditioning suited to
maintain them as such is lacking, these cells inexorably
tend to differentiate.

[0013] The maintenance of stemness in vitro has been
conventionally promoted by chemical means through the
addition of suitable substances to the culture medium.
[0014] Greaterknowledge of these cellsin recenttimes
has led to the emergence of an innovative concept based
on physical conditioning alone.

[0015] In particular, links between stem cell behavior
and surface patterns of the support culture are now being
studied.

[0016] Inthe human body, adult stem cells are located
inside tissues in sites known as stem cell niches that
constitute the microenvironment in which the cells live,
proliferate, and differentiate.

[0017] Inthe same way, an artificial scaffold should be
capable of controlling cell proliferation and, more impor-
tantly, differentiation: the cells can remain in quiescent
state until an external stimulus induces them to divide
and differentiate into specialized cells.

[0018] Stem cell niche engineering also offers an ex-
cellent means of shedding light on the mechanisms that
regulate cell behavior in vivo, given that it provides cells
with a space in which they are confined and artificially
stimulated to maintain stemness, exactly as happens in
the human organism. This would permit the guiding of
stem cell behavior through mechanical interaction only,
in this way providing a solid basis for the use of stemness
induction in clinical practice.

[0019] A scaffold that allows stem cells to proliferate
while at the same time remaining in their undifferentiated
state is therefore desired.
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[0020] 3D scaffolds in natural polymers and synthetic
polymers are known.

[0021] The natural polymers adopted so far that have
been shown capable of making effective contributions to
the maintenance of stemness include hyaluronic acid,
collagen, and chitosan.

[0022] The scaffolds in synthetic polymer material
used to promote stemness are generally composed of
biodegradable polymers, such as polylactic acid (PLA),
polyglycolic acid (PGA) and their copolymer form, PLGA.
[0023] The traditional scaffolds do not offer cells a truly
3-D culture environment, given that most scaffolds have
pores with dimensions orders of magnitude greater than
those of cells, with the result that the cells do not perceive
the three-dimensionality of these structures whose sur-
faces are essentially two-dimensional on a micrometric
scale.

[0024] Itis therefore necessary to artificially modulate
on a micro-scale the interaction between the cells and
the support on which they are seeded by fabricating
three-dimensional structures with controlled dimensions
at the scale of single cells.

[0025] The only known fabrication technology that per-
mits this type of structure to be obtained is two-photon
laser polymerization (2PP), which permits the creation
of 3D scaffolds with sub-micrometric precision.

[0026] So-called non-traditional micro-fabrication
techniques allow to obtain scaffolds with controlled, and
above all, pre-defined micro-structure, often allowing the
structure to be developed by starting from a Computer-
Aided Design (CAD) model.

[0027] The most widely adopted techniques are litho-
graphic, such as photolithography, soft-lithography, ster-
eo-lithography, x-ray lithography, and electronic lithog-
raphy (e-beam lithography).

[0028] Photolithography is one of the most important
technologies in the fabrication of structures on micro-
scale, and is a process used to selectively remove parts
of a slender film or substrate. It uses a beam of light to
transfer ageometrical pattern from a photomask to a pho-
tosensitive chemical substance (photosensitive resin or
photoresist) deposited over the substrate. The photo-
mask is a sheet, usually in quartz, that is coated by a
metallic layer in order to generate areas of transparency
oropacity in the geometric patternto be reproduced. Sub-
sequent chemical or physical treatments model the pat-
tern on the material. Exposure transfers the pattern of
the desired characteristics by means of the photomask
positioned between the substrate, covered by a photo-
sensitive material (photoresist), and the light source.
Subsequently, the material can be removed from the sub-
strate using chemical techniques (etching). Photolithog-
raphy is an intrinsically two-dimensional (2D) technique.
[0029] Selective Laser Sintering (SLS) technique in-
stead permits the fabrication of three-dimensional struc-
tures through the action of a laser beam on layers of
material in the form of powder. The scaffold is designed
and a three-dimensional CAD model is produced; the
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fabrication process is very similar to that of 3D printing:
afinelayer of powderis used andirradiated by an infrared
laser (typically a CO,, laser) in order to sinter the particles
in the desired form and create an initial layer of the struc-
ture. The structure is then lowered and the process is
repeated until the scaffold is completed; the non-sintered
powder is eliminated. Several studies have demonstrat-
ed the possibility to fabricate scaffolds in polycaprolac-
tone (PCL) and calcium-phosphate compounds that pos-
sess the adequate mechanical and morphological char-
acteristics for cell growth.

[0030] However, this technique offers a spatial resolu-
tion of the order of hundreds of microns and for such
reason is not suited to fabricate 3D scaffolds of dimen-
sions compatible with those of cells.

[0031] The only known fabrication technique that pro-
vides sub-micrometric control over scaffold geometry in
3D is 2PP, which can be used to obtain structures with
controlled geometry to sub-micrometric precision by ir-
radiating a photosensitive material with a highly focalized
pulsedinfrared laser beam. The simultaneous absorption
of two laser photons triggers a photochemical process
that causes the polymerization of the focal volume, in this
way permitting the definition inside the material of an el-
ement of volume (volume pixel, voxel) with transversal
and longitudinal resolution lower than the wavelength.
[0032] Thanks toits enormous potential, the 2PP tech-
nique meets the need to create three-dimensional scaf-
folds whose geometry and micro/nano surface patterns
are highly controllable. Inrecentyears, agrowing number
of researchers has adopted this technique in the fabrica-
tion of scaffolds for cellular growth. Most studies in sci-
entific literature aim to demonstrate the biocompatibility
ofthe material used and to assess cell behaviorinrespect
to the characteristics of the scaffolds developed; clinical
applications of structures fabricated using 2PP, instead,
are not yet available. Numerous studies conducted on
scaffolds fabricated using 2PP (Karl-Heinz Haas and
Herbert Wolter. Synthesis, properties and applications
of inorganic-organic copolymers. Current Opinion in Sol-
id State and Materials Science, 4(6):571-580, 1999; Tho-
mas Weil}, Ronald Schade, Thorsten Laube, Albrecht
Berg, Gerhard Hildebrand, Ralf Wyrwa, Matthias Schna-
belrauch, and Klaus Liefeith. Two-photon polymerization
of biocompatible photopolymers for micro-structured 3d
biointerfaces, Advanced Engineering Materials,
13(9):B264-B273, 2011) confirm the potential of this
technology, which permits the creation of structures for
stem cell growth and the study of cell behavior in light of
future clinical applications in regenerative medicine.
[0033] 2PP technique is therefore promising for appli-
cations of biological nature in which 3D structures with
spatial resolutions of only a few micrometers must be
prepared, and in particular, for tissue engineering, in
which the development of techniques that enable the
control of many different aspects of cell behavior, such
as adhesion, migration, proliferation and differentiation
is highly important.
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[0034] Structures obtained through 2PP have enor-
mous potential in regenerative medicine: a simple, or-
dered micro-structure composed of parallel microfibers
is already capable of physically directing the regeneration
of neural tissue (Vasileia Melissinaki, AA Gill, llida Orte-
ga, Maria Vamvakaki, Anthi Ranella, JW Haycock, C Fo-
takis, M Farsari, and F Claeyssens. Direct laser writing
of 3d scaffolds for neural tissue engineering applications.
Biofabrication, 3(4):045005, 2011) or guiding the orien-
tation of human fibroblasts (LE Sima, EC Buruiana, T
Buruiana, A Matei, G Epurescu, M Zamfirescu, A
Moldovan, SM Petrescu, and M Dinescu. Dermal cells
distribution on laser-structured ormosils. Journal of tis-
sue engineering and regenerative medicine,
7(2):129-138, 2013).

[0035] 2PP has permitted the fabrication of ultra-pre-
cise and ordered structures with geometry controlled at
cellular scale (10 pwm) and extremely high spatial reso-
lution (less than 1 um).

[0036] This technique has already been employed to
fabricate scaffolds expressly designed for cell interac-
tion. Over the last twenty years, in fact, biophysical fac-
tors have been shown capable of influencing the biolog-
ical response of cells in culture, even in the absence of
biochemical factors (Manuela Teresa Raimondi. Engi-
neered tissue as a model to study cell and tissue function
from a biophysical perspective. Current drug discovery
technologies, 3(4):245-268, 2006).

[0037] Biopolymer scaffolds fabricated through 2PP
adequately mimic the cellular micro-environment in ar-
chitectural terms, but often lack the necessary mechan-
ical stability.

[0038] Some patent literature relates to the fabrication
of 3D scaffolds, also for cell culture.

[0039] WO2012018304, for example, discloses a
method for the fabrication of a three-dimensional scaffold
comprising encapsulated cells. The method uses two-
photon laser photolithography. In this method, the cells
are encapsulated during the formation of the 3D structure
in order to avoid the need for the cell seeding procedure.
The scaffold was not tested on stem cells but on endothe-
lial and hepatic cells, therefore the problem of maintain-
ing stem cell pluripotency was not addressed.

[0040] WO2009048314 discloses 3D structures fabri-
cated through laser photo-polymerization in which cells
proliferate. However, these are structures that can be
implanted in vivo for the regeneration of bone and carti-
lage and not substrates for in vitro cell culture. Therefore,
they are designed for the creation of osteo-inductive and
osteo-conductive environments.

[0041] US20070249044 discloses a 3D system for cell
culture comprising micro-structures suspended in a cell
culture gel. These are polymeric structures used for fi-
broblast culture. Here as well, however, the issue of stem
cell growth is not addressed.

[0042] WO2012041522 describes a method for the
production of layered 3D structures that can be used in
cell culture. The problem of creating synthetic niches for
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stem cell growth is not addressed.

[0043] The utilization of 2PP technique in preparing 3D
substrates that are useful in tissue engineering is known.
[0044] Forexample, Malinauskas, M., Danilevicius, P.,
Baltrigkiene, D., Rutkauskas, M., Zukauskas, A., Kairyte,
Z., Bickauskaite, G., Purlys, V., Paipulas, D., Bukelsk-
iene, V., and Gadonas, R. in "3D artificial polymeric scaf-
folds for stem cell growth fabricated by femtosecond la-
ser", 2010, Lithuanian Journal of Physics, Vol. 50, No. 1,
pp. 75-82, describe 3D scaffolds for the proliferation of
cells, also stem cells. Ovsianikov, A., Malinauskas, M.,
Schlie, S., Chichkov, B., Gittard, S., Narayan, R., Lébler,
M., Sternberg, K., Schmitz, K.-P., and Haverich, A., in
"Three-dimensional laser micro- and nano-structuring of
acrylated poly (ethylene glycol) materials and evaluation
of their cytoxicity for tissue engineering applications",
2011, Acta Biomaterialia, 7 (2011) 967-974, studiedVSD
structures for applications in tissue engineering. Maciu-
laitis J, Deveikyte M, Rekstyte S, Bratchikov M, Darins-
kas A, Simbelyte A, Daunoras G, Laurinavi(vziené A, Lau-
rinavicius A, Gudas R, Malinauskas M, Maciulaitis R. in
"Preclinical study of SZ2080 material 3D microstructured
scaffolds for cartilage tissue engineering made by fem-
tosecond direct laser writing lithography." Biofabrication.
2015 Mar 23;7(1), study 3D artificial microscaffolds for
culture of chondrocytes to form cartilage-like tissue.
[0045] All such 3D structures were designed for use
as scaffolds into which cells can be inserted and prolif-
erate with the purpose of creating artificial tissues that
are as similar as possible to natural tissues. In these 3D
structures, the single units composing the scaffold all
communicate completely one with another: therefore the
cells are free to migrate from one unit to another of the
scaffold. This highly influences their behavior. Although
the biocompatibility of such scaffolds and their suitability
for use in tissue engineering was shown, the problem of
maintaining stem cells in indifferentiated state was not
addressed. On the contrary, these studies address the
problem of differentiating the cells into cells of the desired
tissue.

[0046] Therefore, scaffolds suited to promote the pro-
liferation of stem cells while at the same time impeding
or decelerating their differentiation are still highly desired.
Moreover, scaffolds of prior art have a small extension
and therefore do notaddress the problems of mechanical
stability that emerge when millimeter-sized surfaces
must be covered. Secondly, the absence of physical con-
finement inside single units in traditional scaffolds has
never allowed to demonstrate the maintenance of cell
stemness but instead their differentiation inside such
structures.

[0047] The effect of various scaffold geometries on
mesenchymal stem cell behavior has recently been stud-
ied.

[0048] Works by Raimondi et al. (Three-dimensional
structural niches engineered via two-photon laser polym-
erization promote stem cell homing. Manuela T. Rai-
mondi, Shane M. Eaton, Matteo Lagana, Veronica Aprile,
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Michele M. Nava, Giulio Cerullo, Roberto Osellame: Acta
Biomaterialia, 2013, Vol. 9, pp. 4579-4584; Optimization
of direct laser-written structural niches to control mesen-
chymal stromal cell fate in culture. M.T. Raimondi, M.M.
Nava, S. M. Eaton 2, A. Bernasconi, K. C. Vishnubhatla,
Giulio Cerullo, R.Osellame: Micromachines, 2014, Vol.
5, pp. 341-358) describe structures, referred to as syn-
thetic niches, composed of a polymeric resin known as
SZ72080 that was expressly developed for 2PP (Materials
Processing: Two-photon fabrication. M. Farsari, B.N.
Chichkov: Nature Photonics, 2009, Vol. 3). These struc-
tures are referred to as synthetic niches because they
artificially reproduce the stem cell niches environment.
The definitive morphology of the scaffold was selected
by optimizing parameters such as "homing", i.e. the ca-
pacity of the niche to promote the entry of the cells and
their maintenance inside it, along with cellular prolifera-
tionand adhesion. The earliest studies on this 3D scaffold
were conducted using multipotent primary mesenchymal
stem cells (MSC) isolated from bone marrow taken from
rat femurs. The results obtained confirm that the matrix
is capable of maintaining a more roundish cell nuclei mor-
phology than that of 2D flat cultures. The most significant
result is that after prolonged culture (3 weeks) the cells
show differences in behavior between 2D and 3D envi-
ronments: marked cellular differentiation towards bone
phenotype takes place outside the niche, in fact, whereas
inside the niche, the cells are negative for the differenti-
ation staining performed and present higher Ki67 expres-
sion than in monolayer culture, and this is indicative of
superior proliferative capacity maintenance. The opti-
mized niche geometry was able to supply the stem cells
with a higher surface area/volume ratio that allowed them
to adhere and proliferate while maintaining multipotency
(Raimondi et al. 2013, 2014).

[0049] In view of potential applications in clinical prac-
tice, the use of purely mechanical cues in guiding stem
cell behavior has the important advantage of minimizing
the use of biochemical molecules, e.g. growth factors, in
this way reducing risks to the patient posed by their ad-
ministration.

[0050] However, one problem that still remains to be
solved is how to significantly increase the surface area
covered by the synthetic niches.

[0051] Previous studies on similar structures led to the
hypothesis that biodynamics are influenced not only by
geometry but also by the distance between individual
synthetic niches.

[0052] In studies by Raimondi et al. (2013 and 2014),
for example, niche patterns were fabricated with different
distributions in space with a hexagonal configuration.
More in particular, sample structures were fabricated in
which 6 niches were arranged at the vertexes of a hex-
agon with 200-600 um sides and another structure was
positioned at the center in such way that all were equi-
distant. In tests with MSC, the micro-structured niches
were observed to be capable not only of promoting stem
cell homing but also of guiding the formation of cell ag-
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gregates.

[0053] Nava etal. (Interactions between structural and
chemical biomimetism in synthetic stem cell niches.
Michele M Nava, Manuela T Raimondi, Caterina Credi,
Carmela De Marco, Stefano Turri, Giulio Cerullo and
Roberto Osellame. Biomed. Mater. 10 (2015) 015012)
describe synthetic niches arranged in a triangular pattern
at 200 pwm distance coated with hydrogel and tested with
rat mesenchymal stem cells.

[0054] The structures described in the state of the art
above mentioned have the disadvantage of leaving a
large amount of support surface space free from synthet-
ic niches (see Figure 7). On such free surface area, the
cells behavein a two-dimensional manner, therefore they
differentiate rapidly, losing their stemness.

[0055] In order to permit the commercial use of 3D
structures as culture substrates on a wide scale, and
therefore for the culture of millions of cells, the support
surface covered by the synthetic niches must be as large
as possible.

[0056] The synthetic niches proposed in the state of
the artdo not solve the problem because the niches cover
a limited surface area of 10% of the total support surface
area available for cellular adhesion. Therefore they can
be used for 3D culture of very low numbers of cells, and
this places a serious limit on industrial and commercial
applications.

[0057] Increasing the surface area covered by micro-
structures requires a structure that minimizes the contri-
bution of flat surfaces between the individual niches.
[0058] Therefore there is the need to fabricate a single
large structure, still with a micro-structure, capable of
hosting in itself the highest possible number of cells in
order to eliminate two-dimensional behavior completely
or at least to the greatest possible extent.

[0059] In order to obtain higher scaffold surface den-
sity, a set of synthetic niches in which a continuous lattice
produced by the pairing of single niches entirely covering
a6 mm diameter circular region was produced. This per-
mits to maximize the area covered by the scaffold and
to cover 96% of the total surface.

[0060] However, the fabrication of this type of structure
produces various defects due to the shrinkage of the pol-
ymer material that deforms the structure, and also to cav-
itation, which leads to the formation of bubbles and the
consequent rupture of the structure (see Figure 4B-C).
[0061] Inparticular, the construction of one, single larg-
er structure that hosts multiple synthetic niches poses
the problem of the shrinkage of the polymer during ex-
pansion (Figure 4B) that creates mechanical stress and
deformation. The excessive dimensions of the surface
covered by the structures pose the risk of damaging some
areas in the niches with repercussions on the rest of the
structure.

[0062] Furthermore, these structural damages com-
promise the interaction between the structures and the
cells.

[0063] For this reason, there is still the need of devel-
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oping uniform, defined and unbroken, intact matrices that
maintain the three-dimensional structure required for cell
proliferation and at the same time maximize the surface
over which the cells can proliferate while remaining un-
differentiated.

[0064] Ithasnowbeen foundthatby grouping synthetic
niches in separate matrices, any slight shrinkage that
occurs in the polymer composing the synthetic niches
does not ruin the entire structure, particularly because it
is not superimposed to the shrinkage of adjacent matri-
ces thanks to the distance between each other.

[0065] It has therefore been found a 3D cell culture
structure, herein referred to as supermatrix, composed
of matrices of synthetic niches with a determined config-
uration that presents the advantages of a stronger and
more stable structure than the one described in prior art,
in particular, a structure in which no deformations or de-
fects are present and in which at the same time the three-
dimensional structure of the engineered niches is main-
tained (see, for example, Figure 4D and Figure 5 A-B).
[0066] Indeed, inthe structure according to the present
invention, the damages caused by the shrinkage of the
polymer described above do not occur.

[0067] Furthermore, the use of a supermatrix of syn-
thetic niches composed in this way ensures, forexample,
that any disruption and/or detachment of a niche matrix
does not damage the niche matrices nearby in such way
that even when two-dimensional behavior of the cells
seeded is observed in such area, it may be considered
negligible because it does not influence the development
of the culture in the other matrices.

[0068] The 3D structure object of the present invention
also permits to obtain reproducible engineered niches.
[0069] Furthermore, thanks to their stability, these su-
permatrices can be re-utilized.

[0070] Using the supermatrix according to the inven-
tion as a substrate for multipotent or pluripotent cell cul-
ture permits potency maintenance without continuously
inserting chemical factors that condition the cells in the
culture medium. The difference between using chemical
factors and using synthetic niches lies, in fact, in the dif-
ferent duration of the differentiating change: cells usually
remain pluripotent only if chemical factors are inserted
frequently, whereas with the use of the supermatrix ac-
cording to the invention, both multipotency and pluripo-
tency are able to be maintained even after many divisions
of the first stem cell seeded.

[0071] The supermatrices according to the invention
are therefore suited to the culture of any type of stem
cell, in particular adult stem cells, more in particular mes-
enchymal, and embryonic stem cells.

[0072] Morein particular, the effectiveness of such su-
permatrices of synthetic niches has been assessed in
adult mesenchymal stem cells (multipotent) and in em-
bryonic stem cells (pluripotent).
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SUMMARY OF THE INVENTION

[0073] Itis an object of the present invention a super-
matrix comprising at least two matrices of synthetic nich-
es,

wherein each matrix comprises n x m synthetic nich-
es, wherein n and m, the same or different from each
other, have a value > 1, provided that one of m or n
is > 2 and with a maximum value of m and n which
allows to maintain the structure of the single synthet-
icniche intact such thatshrinking of the material does
not cause significant disruptions, and

wherein the distance (d) between a synthetic niche
matrix and the other is greater than zero, and

wherein in each matrix every synthetic niche hasone
or more walls in common with the other synthetic
niche(s) of the matrix.

[0074] Preferably, said maximum value for n and mis
100.
[0075] Preferably, mand nare the same and each ma-

trix has a square form.

[0076] In an exemplary embodiment according to the
invention, m and n are both equal to 5, so that every
synthetic niche matrix is a 5x5 matrix (5 synthetic niches
x 5 synthetic niches).

[0077] In a preferred embodiment, the height of the
supermatrix is comprised between 30 and 100 pm. This
permits the use of all known techniques for the analysis
of the cells, regardless of their differences in terms of
dimension, deformability, and substrate adherence kinet-
ics among the various stem cell populations.

[0078] The supermatrix according to the invention is
obtained using the two-photon laser polymerization
(2PP) technique.

[0079] Itis also an object of the invention a substrate
or support for cell culture that comprises at least one
supermatrix according to the invention.

[0080] Said support is, for example, a mono- or multi-
well culture plate or a flask.

[0081] The use of the supermatrix according to the in-
vention for stem cell culture, particularly in vitro, is an-
other object of the present invention.

[0082] Said cells are preferably adult stem cells. In an-
other embodiment, they are embryonic stem cells.
[0083] In another embodiment, the supermatrix ac-
cording to the invention is used for in vivo implant in a
subject in order to promote tissue regeneration.

[0084] Itis a further object of the invention the use of
the supermatrix of the invention or of the culture support
comprising it for cell culture analysis, in particular, in the
diagnostics field.

[0085] The supermatrix according to the invention has
the main advantage of allowing the increase of the sur-
face available for cell culture covered by niches.
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[0086] This permits an extension of its use in both wide-
scale biological research and in the clinical applications
of cells cultured as therapeutic products.

[0087] The use of said supermatrix allows obtaining an
intact three-dimensional structure in which no damage
is caused by the shrinking of the polymer during expan-
sion.

[0088] Thanks to the maintenance of a perfectly 3D
environment, the synthetic niches according to the inven-
tion can induce nuclei conformations such to prevent or
significantly delay stem cell differentiation, unlike encap-
sulation or seeding on natural 3D polymer substrates,
which do not guarantee the same degree of geometrical
control.

[0089] Compared to known 3D structures, such as
those of Maulinaskas et al., 2010 and 2011, for example,
in the supermatrix according to the invention, every syn-
thetic niche is surrounded by an external perimeter that
is permeable to the diffusion of molecules but obstacles
the migration of cells from one synthetic niche to the ad-
jacent ones. This permits to address and solve the prob-
lem of maintaining pluripotency and delaying differenti-
ation of stem cells.

[0090] Furthermore, contrary tothe observationin prior
art, said delay of differentiation has been observed to
take place without chemical conditioning, in this way
demonstrating that in the supermatrix according to the
invention, mechanical cues are necessary and sufficient
to promote pluripotency and inhibit differentiation.
[0091] Moreover, said supermatrix permits reductions
in production times, an essential requirement for the
scale-up of the process and in particular for mass pro-
duction.

[0092] As an additional advantage, the same super-
matrix can be used again in subsequent experiments
without requiring the production of new structure samples
for every new use.

[0093] In addition, thanks to complete reproducibility
structures identical one to another are obtained: 3D ma-
trices in collagen, chitosan, hyaluronic acid or synthetic
polymers instead present marked structural variations
even under equivalent conditions of production.

[0094] The supermatrix according to the invention is
particularly useful in the field of regenerative medicine
and tissue engineering, where it can be used to provide
a number of cells sufficient for applications involving the
repopulation of decellularized organs or in situ treat-
ments, for example.

DETAILED DESCRIPTION OF THE INVENTION
Definitions

[0095] Inthe context of the present invention, the term
supermatrix means a three-dimensional structure com-
prising more than one synthetic niche or synthetic niche
matrices.

[0096] In the context of the present invention, the term
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synthetic niche means a synthetic three-dimensional
structure suited to reproducing the geometric constraints
to which stem cells are subjected in their native micro-
environment (the stem cell niche). In particular, a syn-
thetic niche is surrounded by an external perimeter that
is permeable to the diffusion of molecules but obstacles
the migration of cells from a synthetic niche to the adja-
cent ones (physical confinement). "Nichoid", as a syno-
nym of synthetic niche, will also be used in the foregoing
of the present description. For an exemplary description
of asynthetic niche, reference can be made to the articles
by Raimondi et al, 2014, in Micromachines, and 2013, in
Acta Biomaterialia.

[0097] Inthe context of the presentinvention, the term
stem cells mean primitive, unspecialized cells being able
to transform into various types of body cells through a
process known as cellular differentiation.

[0098] In the context of the presentinvention, the term
mesenchymal stem cells mean adult stem cells found in
bone marrow that can differentiate into every type of mus-
culo-skeletal tissue cell, including osteocytes, chondro-
cytes, myocytes, and fibroblasts.

[0099] Inthe context of the presentinvention, the term
pluripotent stem cell mean cells that are capable of di-
viding and differentiating into any one of three germ lay-
ers: endodermal (stomach lining, gastrointestinal tract,
lung), mesodermal (muscle, bone, blood, urogenital), or
ectodermal (epidermal tissue and nervous system cells).
[0100] Inthe context of the presentinvention, the term
multipotent stem cells mean cells capable of differentiat-
ing into a limited number of cellular lineages; these cells
are also known as «progenitor cells».

Figures
[0101]

Figure 1. Exemplary representation of a supermatrix
according to the invention characterized by matrices
of 5x5 synthetic niches, separated by a distance d.

Figure 2. Exemplary embodiment of a matrix formed
by 15 synthetic niches, whereinn =5 and m = 3.

Figure 3: minimum matrix (2 x 1).

Figure 4. (A) Supermatrix that shows problems
linked to microfabrication. (B) Effect of shrinking, with
deformation of the structure; (C) Effect of cavitation;
(D) Exemplary embodiment of the supermatrix ac-
cording to the invention, characterized by separate
matrix configuration. The aggregates visible are
murine embryonic stem (mES) cells at culture day 3.

Figure 5. Photos by optical microscope (A) and SEM
(B) of an exemplary embodiment of the supermatrix
according to the invention.
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Figure 6. A-B) Exemplary embodiment of a synthetic
niche used in a supermatrix according to the inven-
tion, complete (A) and sectional view (B). The niche
is a parallelepiped, formed by an external contain-
ment grid made of horizontal parallel lines, identically
spaced, and by an internal 3D lattice of variable ge-
ometry and size. Lattice structure wherein a=100
pm, c=10 wm, d=2c and e=3c. The parallel lines in
the walls are spaced by f=5 um. C-D) Graphic rep-
resentation of how single niches are designed.

Figure 7: Optical microscope photo of an exemplary
embodiment of single niches: each scaffold lies 300
pm from the next.

Figure 8: SEM microscope photo of an exemplary
embodiment of a supermatrix formed by 5x5 syn-
thetic niche matrices.

Figure 9: Optical microscope photo of an exemplary
embodiment of a series of synthetic niches in which
a continuous lattice produced by the pairing of single
niches entirely covers a region, with damages
caused by the shrinkage (contraction) of the polymer
during the "development" phase of fabrication.

Figure 10: mES inside a niche. SEM microscope
photo of mES cells at culture day 3. All three photos
show the same region but were acquired from differ-
ent angles. (A) top view (Tilt 0°), the way in which a
cell aggregate, so-called embryoid body, adheres
tightly to the structures is clearly evident: structure
deformation is almost certainly due to cellular shrink-
age during the dehydration phase because in vivo,
under phase contrast microscopy, a similar defor-
mation has never been observed. (B) Tilt 30°. (C)
Detail of the photo taken with Tilt 30°: the embryoid
body adheres to the intermediate niche level on the
front side, whereas it adheres to the base level on
the rear side; the embryoid body does therefore not
rest on the bottom surface of the culture support, as
normally happens in 2D flat supports.

Figures 11.1 - 11.4. Computerized simulation of the
laser writing of an exemplary embodiment of the su-
permatrix according to the invention.

Figure 12: exemplary representation of a multi-well
culture plate coated with the supermatrices of the
invention.

[0102] The supermatrix according to the invention is
formed of matrices of synthetic niches.

[0103] One embodiment of the supermatrix according
to the invention is depicted in Figure 1.

[0104] Each matrix is formed by a certain number n x
m of synthetic niches.

[0105] In each matrix, each synthetic niche has one or
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more walls in common with the other(s) synthetic niche(s)
of the matrix.

[0106] In a preferred embodiment, each synthetic
niche of the matrix has two or more walls in common with
the other synthetic niches of the matrix.

[0107] An exemplary embodiment of a matrix of syn-
thetic niches is depicted in Figure 2.

[0108] The matrixcanhave various shapes.Inone pre-
ferred embodiment, it has a square shape.

[0109] Inthe matrix m and n have a value > 1, provided
that at least one of morn is > 2.

[0110] Therefore, the minimum matrix is a 2x1 matrix,
as shown in figure 3. In this minimum matrix each niche
has one wall in common with the other niche.

[0111] The maximum value of m and n is the one that
permits to obtain a matrix without ruptures or deforma-
tions such to compromise the stability of the supermatrix.
This can be easily evaluated by a person skilled in the
art with the knowledge of the techniques commonly
known in the sector, in particular for niche fabrication.
[0112] For example this maximum value for m and n
equals 100.

[0113] The distance between one synthetic niche ma-
trix and the next is defined by the value d.

[0114] Said distance d is always greater than zero,
therefore the matrices are necessarily spaced one from
another.

[0115] Preferably, said distance is the minimum ob-
tainable using today’s fabrication techniques.

[0116] The structure of a single synthetic niche is
known, for example by Raimondi et al. 2014 and 2013.
[0117] Inapreferred embodiment(Figure 6), every sin-
gle synthetic niche has a square section with 90 um sides
(b), 100 pwm height (a), and having 6 stacked layers of
lattices. In every lattice, the pores have dimensions that
vary between 10 pm and 30 um. Confinement walls
around the niche’s perimeter, made of parallel rods at a
distance of 5 um (f) one from the next, are also provided.
The rods of the niche protrude for around one micron
beyond the structure.

[0118] The dimensions of the single niche may vary
according to the specific type of cell being cultured, while
always maintaining three-dimensional structure. A per-
son skilled in the art can determine the modifications to
be made to the niche on the basis of cell type.

[0119] For example, the width and depth of the niche
may vary between 20 and 500 um with pores that vary
from5to 100 wm, preferably from 10 wm to 30 pwm. Height
may vary from 5 to 500 wm, preferably from 30 um to
100 pm. Each niche can have several layers of lattices,
for example from 2 to 10 layers, preferably from 4 to 6
layers. Confinement walls are preferably made of parallel
rods at a distance one from the other which may vary,
for example, from 2 to 30 wm, preferably from 2 to 10
wm, more preferably it is 5 um.

[0120] In a preferred embodiment, the height of the
supermatrix is 30 wm, in particular, whenever it is used
for mesenchymal stem cell culture. Said height permits
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all known microscopy techniques for cellular analysis to
be applied to the cells that grow in the niches.

[0121] In case highly proliferative stem cells are cul-
tured, such as pluripotent stem cells (e.g. embryonic) a
height of more than 30 pm is preferable.

[0122] The supermatrices according to the invention
are typically fabricated over a flat support.

[0123] Said flat support is typically made of a material
optically transparent to the two-photon laser, preferably
glass or a polymer, for example of the polyolefin family.
[0124] Inoneembodimentofthe invention, the flat sup-
port on which the supermatrices of niches are fabricated
is chemically or physically modified for the purpose of
minimizing cell adhesion to the support areas outside
and below the area in which 3D structures are present.
In a preferred embodiment, the flat culture support is
coated with an agent that reduces the wettability of the
cell culture surface, for example by an antifouling agent
such as perfluoropolyether.

[0125] Optionally, the supermatrices according to the
invention are surrounded by a circular crown of Poly-
dimethylsiloxane (PDMS) or equivalent material charac-
terized by elevated biocompatibility and stability. PDMS
is produced through known art in the sector by mixing
two different components: a base and a cross-linking
agent in a 10:1 weight ratio, in such way as to permit
polymerization. PDMS obstructs both physically and
chemically the adhesion of the cells outside the area in
which 3D structures are present.

[0126] Optionally, the walls of the niches of the super-
matrix are functionalized with molecules.

[0127] In a preferred embodiment, these molecules
provide an inductive signal for pluripotency maintenance
or facilitate the adhesion of the cells to the structure.
[0128] Inone embodiment of the invention, each niche
in the structure can be coated with appropriate substanc-
es or molecules, ad example for the purpose of modifying
the response of the cells cultured. For example, each
niche can be coated with hyaluron-based and gelatin-
based hydrogels in order to simulate a different elasticity
in the cellular matrix, as described in an article published
by Nava et al. in 2015.

[0129] The supermatrix according to the invention is
fabricated using the known technique of two-photon laser
polymerization.

[0130] Asregardsthe use of said technique to produce
synthetic niches, reference can be made to the following
works: Raimondi MT, Eaton SM, Nava MM, Lagana M,
Cerullo G, Osellame R. Two-photon laser polymeriza-
tion: from fundamentals to biomedical application in tis-
sue engineering and regenerative medicine. J Appl Bio-
mater Funct Mater. 2012 Jun 26;10(1):55-65; Raimondi
et al., 2013, and Raimondi et al., 2014, both previously
mentioned above.

[0131] The specific protocols for the production of a
supermatrix according to the invention may vary on the
basis of the type of cell that is cultured. A expert in the
field is capable of defining such technical specifications
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on the basis of his general knowledge in the field.
[0132] For example, regarding the culturing of mesen-
chymal stem cells, reference can be made to the work
published by Raimondi et al in 2013.

[0133] Anexemplary embodiment of the process to ob-
tain a supermatrix according to the invention is described
below.

[0134] The material utilized for production is a resin.
Preferably, it is a photopolymerizable resin. Said resin is
typically an organic/inorganic hybrid photosensitive ma-
terial that polymerizes when it is illuminated by laser. In
this regard, reference can be made, for example, to an
article by Raimondi MT, Eaton SM, Nava MM, Lagana
M, Cerullo G, Osellame R. Two-photon laser polymeri-
zation: from fundamentals to biomedical application in
tissue engineering and regenerative medicine. J Appl Bi-
omater Funct Mater. 2012 Jun 26;10(1):55-65.

[0135] Preferably, the resin is a photopolymerizable
resin known as SZ2080. This resin is known (Ovsianikov
A, ViertlJ, Chichkov B, Oubaha M, MacCraith B, Sakellari
I, etal. Ultra-low shrinkage hybrid photosensitive material
for two-photon polymerization micro-fabrication. ACS
Nano 2008;2:2257-62) and has been developed recent-
ly. Its use is preferable thanks to its good optical qualities
and mechanical stability. The two main components of
SZ2080 are meth acrylol oxypropyl trimethoxy silane
(MAPTMS) and zirconium propoxide (ZPO). The resin’s
index of refraction can be modified by varying the molar
ratio between these two components, and increases pro-
portionally with the increase in ZPO.

[0136] The supermatrix production process comprises
three principal phases: baking, laser writing, and devel-
opment.

[0137] During the baking phase, the samples are pre-
pared by hardening the above-mentioned resin.

[0138] A photoinitiator must be incorporated into the
resin in order to permit two-photon absorption. One pre-
ferred photoinitiator is IRG (Irgacure 369,2-Benzyl-2-
dimethyl-1-(4-morpholinophenyl)-butanone-1), which is
not cytotoxic. Another possible photoinitiator is BIS
(4-4’bis(diethylamine)benzophenone).

[0139] Both the specific chemical properties of the res-
in and the geometry of the scaffold that supports the su-
permatrix must be taken into consideration.

[0140] The resin and photoinitiator solution is deposit-
ed by dropcasting, for example, in a volume that varies
from 30 to 50 pL, onto the support on which the super-
matrix must be obtained, such as a coverglass, for ex-
ample, or directly inside multi-well culture plates in which
the cells will be seeded.

[0141] The sample is then positioned on a plate. This
process (baking) is necessary for the solidification of the
resin on the glass substrate and to ensure that the sol-
vents in which it is dissolved evaporate. In this way, its
consistency changes from liquid to semi-solid.

[0142] The sample then undergoes the writing proc-
ess.
[0143] The sample is usually positioned in a special
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housing chamber connected to a motion system com-
posed of a piezoelectric position transducer controlled
by software.

[0144] An ultra-short pulsed laser system is used for
writing. Any laser commonly used in 2PP technique can
be utilized. For example, reference can be made to Rai-
mondi et al., 2013.

[0145] For example, a commercially-available laser
can be used, such as the Femtoregen model produced
by the HighQ Company, a model based on a mode-
locked Ytterbium (Yb) oscillator followed by an amplifier.
[0146] The laser typically has a pulse duration in the
range of 10 fs and 10 ps, and a wavelength in the range
of 400 and 1300 nm.

[0147] Preferably, the laser is used at a power in the
range of 12 and 21 mW and at a writing speed of 1000
pwm/s.

[0148] Stages that permit the translation of the sample

mounted on a sample-holder that is solidly connected
with the 3D movement system are used to permit com-
plex geometries to be written in the resin.

[0149] Movementcommands are given by software via
G-code, a language commonly used in numerically con-
trolled machine tools.

[0150] Inone embodiment of the presentinvention, the
software program is written in such way as to fill the cir-
cular surface area defined in the parameters with all the
rods first; then, all the lattices on the different levels are
written, firstin one direction then the other before finishing
the process with the confinement walls thatenclose every
single structure. The supermatrix is obtained by program-
ming the software in such way as to write a series of
niche matrices, with the limitation of writing only inside
one-quarter of a circle, and then repeating it in all four
directions in order to complete the surface. See Figures
11.3 and 11.4., for example.

[0151] The movement of the sample compared to that
ofthe laser beam can be programmed using a Computer-
Aided Design(CAD)/ Computer Aided Machining(CAM)
system or the joint and integrated use of software sys-
tems for, CAD, and CAM.

[0152] Each component of the system can be man-
aged by personal computer (PC).

[0153] A person skilled in the art is able to compile the
various software that permit the laser writing to be setin
accordance with the fabrication desired and the general
knowledge in the field.

[0154] After the writing phase, the sample undergoes
the development phase, i.e. the elimination of the fraction
of non-polymerized resin.

[0155] Development typically takes place by immers-
ing the sample in a development solution selected on the
basis of the photosensitive resin used. For example, a
50:50 isopropanol and pentanone solution can be used
for around 10 - 15 minutes (duration depends on the
quantity of material used and the complexity of the struc-
tures created).

[0156] The supports thus obtained can be used for cell
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culture.

[0157] Priorto use, they are preferably sterilized using
known methods in the sector; see for example Raimondi
et al. 2014.

[0158] The seeding of the support with the cells to be
cultured can be performed using known techniques in
the sector. On the basis of this general knowledge, a
person skilled in the art is able to adjust the timing and
the other parameters required for cell culture.

[0159] For example, for mesenchymal stem cell cul-
ture, reference can be made to Raimondi et al., 2013.
[0160] The supermatrix according to the invention can
be advantageously used in a wide-scale cell culture sys-
tem with ample industrial and commercial applications.
[0161] Preferably, said supermatrix is used to coat the
bottom of a culture well, said well that is part, for example,
of a mono- or a multi-well culture plate.

[0162] An exemplary embodiment of a multi-well cul-
ture plate whose bottom is coated with supermatrices of
synthetic niches according to the invention is depicted in
figure 12.

[0163] Optionally, the surface of the culture plate can
be functionalized with suitable molecules before being
coated with the supermatrices. For example, it can be
chemically or physically modified for the purpose of min-
imizing cell adhesion to the support areas outside and
below the area in which 3D structures are present. In a
preferred embodiment, the culture plate is coated with
an agent that reduces the wettability of the cell culture
surface, for example it is coated with an antifouling agent
such as perfluoropolyether.

[0164] The supports containing the supermatrices ac-
cording to the invention can be used for any type of cell
culture that requires a three-dimensional structure in or-
der to increase the volume occupied by the cells.
[0165] In a preferred embodiment, the supports con-
taining the supermatrices according to the invention are
used for stem cell culture.

[0166] Said stem cells can be multipotent or pluripo-
tent.

[0167] Morein particular, these can be natural pluripo-
tent cells, such as embryonic stem cells or induced
pluripotent cells, i.e. adult somatic cells that are made to
regress to pluripotent stem cells through genetic engi-
neering techniques.

[0168] Preferably, these are adult stem cells, i.e. stem
cells that are present in human adults. Adult stem cells
can be taken from different types of adultorganism tissue,
such as umbilical cord, amniotic sac, blood, bone mar-
row, placenta, and adipose tissue.

[0169] The use of the supermatrices according to the
invention for the culture of mesenchymal stem cells is
particularly preferred. These can be taken, for example,
from the bone marrow or other parts of the body, such
as the umbilical cord or adipose tissue, of adult donor
volunteers.

[0170] Any cell culture support that comprises the su-
permatrix described herein is within the scope of the
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present invention.

[0171] Cells cultured on the supermatrices of the in-
vention can be used on wide scale in regenerative med-
icine or for the production of tissues to be implanted in
vivo.

[0172] Also, they can be used as a therapeutic product
to modulate inflammation in degenerative diseases or to
avoid immune-rejection in organ transplantation.

[0173] Forexample, once a critical number of cells has
been obtained, they can be made to differentiate or kept
undifferentiated, as required by therapeutic need, and
then injected into a patient to treat currently incurable
diseases, such as Parkinson’s disease, for example.
[0174] Also the elements secreted by said cultured
cells, which are known as "secretomes", can be used as
therapeutic products, for example in the treatment of de-
generative diseases.

[0175] For example, the above-mentioned critical
number of cells can be suspended in culture for the pur-
pose of producing a high quantity of "secretome" that can
be injected in patients on repetitive basis, for example in
order to reduce inflammatory response in degenerative
diseases such as Crohn’s disease, arthrosis, rheumatoid
arthritis, and Alzheimer’s disease .

[0176] The supermatrices according to the invention
are also useful as laboratory tools and in wide-scale bi-
ological research thanks to the possibility to culture a
high number of stem cells to be kept undifferentiated for
use in substrate for cellular analysis.

[0177] Lastly, supermatrices according to the invention
can also be used as 3D supports to be implanted in vivo
in a subjectfor the purpose of promoting the regeneration
of tissue or an organ through cellular and micro-vascular
re-population. This can be done using methods common-
ly known in the field.

[0178] Theinvention is further illustrated by the follow-
ing examples.

EXAMPLES

EXAMPLE 1: MICRO-FABRICATION OF THE NI-
CHOID MATRIX FOR STEM CELLS

Materials and methods

[0179] A SZ2080 photoresist with the Irg photoinitiator
selected for its greatly reduced autofluorescence, was
used to fabricate the niches by means of 2PP. In order
to prepare the sample prior to writing, baking had to be
performed in order to solidify the photoresist (at 105°C
for 1 hour). The experimental setup used for fabrication
included: a Yb-based writing femtosecond laser, a me-
chanical shutter, a power control, and an objective lens.
The pulses of the femtosecond laser passed first through
a power control consisting of a birefringent plate followed
by a linear polarizer. The pulses were then focused using
an objective lens inside the photoresist, and the position
of the sample compared to that of the beam was shifted
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1"

with the use of a computer-controlled 3-axis motion
stage.

[0180] Inorder to study the effect of the niches on stem
cell fate, first 10% and then up to 88% of a circular surface
(see Figure 7 and Figure 8 respectively) were coated with
niches.

[0181] The software program for niche fabrication was
written in G-code in order to fill the circular surface de-
fined in the parameters with all the rods first (Figure 11.1),
and then all the lattices on the different levels, firstin one
direction then the other (Figure 11.2) before finishing the
process with the confinement walls that enclose every
single structure.

[0182] The nichoid supermatrix was fabricated by pro-
gramming a series of niches, with the limitation of writing
only inside one-quarter of a circle (Figure 11.3), and then
repeating it in all four directions in order to complete the
coverglass (Figure 11.4).

[0183] Afterlaser writing, the samples were immersed
in a 50:50 solution of isopropanol and pentanone in such
way as to eliminate the non-polymerized part of the pho-
toresist. The niches were observed through optical and
SEM microscope and then surrounded with a circular
crown of Polydimethylsiloxane (PDMS) in order to obtain
anon-fouling surface for the cells around the circular area
coated with niches. This circular crown is not essential
for the fabrication of the supermatrix according to the
invention.

[0184] Biological and functional analyses were per-
formed through a series of standard tests (clonogenic,
cell function, and immunofluorescence assays) in order
to test MSC pluripotency maintenance.

Biological validation of single niches using human MSC

[0185] Studies were conducted on MSC derived from
human bone marrow (hBM) cultured for three weeks on
the synthetic niche substrate. The morphology, prolifer-
ation, and clonogenicity of the cells cultured on the niches
were analyzed in order to demonstrate multipotency
maintenance compared to both cells cultured on control
structures (flat glass substrates) and to cells isolated and
cryo-preserved from passage O to the moment of use
(cells PO).

[0186] Lastly, for the purpose of verifying cell multipo-
tency maintenance, after 3 weeks of culture, immunoflu-
orescence for the CD146 marker, one of the possible
multipotency markers, was analyzed using fluorescence-
activated cell sorting (FACS). Real-Time Polymerase
Chain Reaction (RT-PCR) was used to analyze the ex-
pression of a group of genes involved in MSC osteogenic
commitment, which is the spontaneous fate of h(BM-MSC
in vitro (P-C. Tseng, T-H. Young, T.-M. Wang, H-W.
Peng, S-M. Hou, and M-L. Yen. Spontaneous osteogen-
esis of MSC cultured on 3D microcarriers through alter-
ation of cytoskeletal tension. Biomaterials,
33(2):556-564, 2012).
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Cell isolation and culture protocol

[0187] Bone marrow was taken from 2 healthy donors
aged 18 and 65 respectively during routine orthopedic
surgery procedures with the consent of the local ethics
boards (Basel University hospital) after first obtaining in-
formed donor consent. The bone marrow aspirate was
deposited in a standard flask and cultured for a week in
a-MEM with the addition of 20% FCS, 1% sodium pyru-
vate, 1% PSG (penicillin G and 0.1 mg/mL streptomycin)
and 1% HEPES. The culture medium was changed reg-
ularly twice a weeks until confluence. The MSC were
recovered from the bone marrow by taking advantage of
their tendency to adhere tightly to culture plates, whereas
the other non-adhering cells were removed. Adherent
cells were detached by trypsin-EDTA (0.5-0.2 g/L; Invit-
rogen, Carlsbad, CA, USA), counted, and cryo-pre-
served in a-MEM supplemented with 30% FCS and 5%
dimethyl sulfoxide (DMSO) until use. The 2PP-patterned
coverglasses (referred to below simply as 2PP samples)
were washed thoroughly, kept for 12 hours in deionized
water, disinfected for 12 hours in ethanol at 7 %, washed
repeatedly in sterile deionized water, and then UV-ster-
ilized. Each sample was positioned in an Ultra-Low At-
tachment 24-well cell culture plate (Costar 3473, Corn-
ing, Corning, NY, United States of America). The cryo-
preserved cells were resuscitated, suspended in com-
plete medium and seeded directly in the wells at a density
of 10,000 cells/cm2. The cells were incubated for 21 days
with medium freshly replaced twice a week.

[0188] As regards biological analysis, after 3 weeks of
culture, the cells were detached using trypsin-EDTA and
counted for the purpose of conducting the analysis below.

Biological analysis, immunofluorescence, and RT-PCR

[0189] Morphological analysis was performed under a
standard microscope (1X50, Olympus, Tokyo, Japan)
equipped with a cooled high resolution video camera. In
order to assess clonogenicity (the capacity of cells to
form colonies), after three weeks of culture in the sample
2PP structures, the cells were detached, counted, and
reseeded in triplicate in Petri plates. In each plate, 600
cells were cultured in complete medium changed twice
weekly. After 2 weeks of culture, the cells were washed
in PBS, fixed with 3.7% paraformaldehyde in PBS and
stained with Crystal Violet for 10 minutes. The dye was
then collected and the plates were washed with water
and left to dry. Clonogenicity capacity was calculated as
the percentage between the number of colonies counted
manually and the number of cells seeded. The number
of clonogenic cells (i.e the cells capable of forming col-
onies, CFU) was calculated as the product of the total
number of cells trypsinized after 3 weeks of culture and
the clonogenicity capacity percentage.

[0190] Inorderto performreal-time PCR, the total RNA
was extracted from the cells using TRIzol (Invitrogen,
Carlsbad, CA), treated with DNA-asi and reverse tran-
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scribed in cDNA as per standard procedure. Real-time
PCR was performed using the ABIPrism 77000 Se-
quence Detection System (Perkin Elmer / Applied Bio-
system, Rotkreuz, Svizzera), and the levels of expression
of the genes of interest RUNX2, Bone SialoProtein (BSP)
and PPAR-gamma were normalized for the reference
gene GAPDH. This geneis, in fact, the one that is actively
transcribed and translated at relatively high level.
[0191] For FACS analysis, cells cultured in the sample
2PP structures for three weeks were re-suspended in
200 pl of BSA at 0.5% in PBS (FACS buffer) with anti-
bodies bonded with fluorochromes for the protein in ques-
tion. The antibodies were incubated for 30 minutes at 4
°C. The antibodies used were CD146-PE and IgG1-PE
(Becton, Dickinson and Company, Franklin Lakes, NJ).
All the antibodies were used with 1:50 dilution. The cells
were washed 2 times with FACS buffer, re-suspended in
PBS, and analyzed by FACS (Becton, Dickinson and
Company).

[0192] In order to perform fluorescence analysis and
examination by confocal microscope, the cells were fixed
in 2% paraformaldehyde, permeabilized with 0.2% Tri-
ton, blocked with 2% goat serum albumin (GSA) in PBS,
and fluorescently marked. The DNAwas stained by incu-
bation with 4’,6’-diamidino-2-phenylindoledihydrochlo-
ride (DAPI) in solution at 10 pg/ml. A secondary antibody
(Alexa Fluor 566 nm) was used to identify the integrin of
the membrane CD146.

[0193] Image acquisition and 3D reconstruction were
performed at 20 X and 60 X using a confocal laser mi-
croscope (Nikon A1R, Japan).

[0194] Adipogenic assays were conducted using
standard protocol (A. Barbero, S. Ploegert, M. Heberer,
and |. Martin. Plasticity of clonal populations of dediffer-
entiated adult human articular chondrocytes. Arthritis
Rheum, 48(5):1315-1325, 2003).

[0195] Also osteogenic assays were conducted using
the standard protocol described in literature (N. Jaiswal,
S.E. Haynesworth, A.l. Caplan, and S.P. Bruder. Oste-
ogenic differentiation of purified, culture-expanded hu-
man mesenchymal stem cells in vitro. J Cell Biochem,
64(2):295-312, 1997).

Results
Results of fabrication

[0196] We were able to confirm that the best configu-
ration possible to coat the circular surface of the cover-
glass with single niches positioned at regular distances
from one another is the one that leads to the obtainment
of a hexagonal pattern.

[0197] After developing a procedure that permitted the
fabrication of engineered niches, the area effectively oc-
cupied by the niches in relation to the total area seeded
was quantitatively verified. A geometric analysis showed
that the area covered by niches spaced 300 pm apart
was only 10%, whereas the area increased dramatically
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when the niches were spaced only 200 um or even 100
wm apart.

[0198] An attempt at completely eliminating the dis-
tance between one single niche and another was made
by creating one single matrix of niches, in which the same
type of niche was repeated but with shared walls, and
therefore many more niches filled the entire coverglass.
As many as 1484 niches were made in a matrix with 2
mm radius (M2) and 3396 niches in a matrix with 3 mm
radius (M3). In this way, up to 97% of the area available
can be covered (not 100%, because a perfect circle is
notdrawn and a graded configuration remains at the edg-
es).

[0199] Unfortunately, not all the niches were accepta-
ble because for various reasons they tend to deteriorate
during the development phase of fabrication, sag under
their own weight, detach, or simply not maintain the stable
linear geometry imposed on them by the software.
[0200] The matrices M2 and M3 presented the problem
of the shrinkage of the polymer during expansion (Figure
9), that caused mechanical stress and deformation,
which provided the reason for dividing the structure in
smaller matrices (for example of 450 um in side, spaced
20 wm apart). The excessive dimensions of the surface
covered by the structures risked damaging certain parts
of the niche, with repercussions throughout the rest of
the structure.

[0201] By separatingthe bigger matrix into smaller ma-
trices, instead, the slight shrinkage of the polymer does
not ruin the entire structure and furthermore such shrink-
age is not added to the shrinkage in adjacent areas. This
led to the need to create a supermatrix made of smaller
matrices of synthetic niches, capable of providing effec-
tively more solid and stable three-dimensional structures
without deformation and in which all three stacked levels
of the niches were present (Figure 5A-B). This confor-
mation is the only one that provided repeatable engi-
neered niches for most of the sample structures devel-
oped.

[0202] The attempt to extend the coated surface area
to 100% of the coverglasses was abandoned because
the excessive dimensions of the structures fabricated
caused the shrinkage of the polymer with structural de-
formation and instability as a result.

Results of MSC culture in single, up-scaled niches

[0203] One of the most significant findings of biological
analysis is that no formation of aggregates between nich-
es was observed. Average cellular density was statisti-
cally greater than 67% in the niches than in glass surfac-
es.

[0204] After the dimensions have been established
and structurally stable niches have been obtained, the
vitality and adhesion of the cells to their interiors can be
analyzed and their proliferation, differentiation, and mi-
gration can be observed. Previous studies had reported
that during the proliferation phase cells are concentrated
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in highest number in the central areas of the colonies,
and in particular, in the interior volume of the niches and
on their external walls. The morphology of human MSC
derived from bone marrow cultured in sample structures
obtained through 2PP technique was assessed on the
basis of these previous results.

[0205] Stem cells seeded on niches were observed to
proliferate on both the flat surface of the glass that sur-
rounds them and inside the same. Contrary to what ob-
served inside the niches, no formation of cell aggregates
was observed on the surrounding glass.

[0206] After 3 weeks of culture the cells were counted
for every culture condition tested.

[0207] It is possible to state that niches provide stem
cells with an increase in the surface area/volume ratio
that favors their adhesion and allows much more space
for proliferation.

[0208] For this reason, the synthetic niche system is
capable of guiding aggregate formation even with hBM-
MSC cells. This spontaneous tendency to form aggre-
gates is not species-specific. Differences in cell density
values, on the contrary, may instead be species-specific.
[0209] Clonogenicassayswere performedon cells cul-
tured on both 2PP sample structures and on glass sub-
strate samples. Even if no statistical significance was ob-
served, a higher average number of cells maintained clo-
nogenic in 2PP samples than on glass. Compared with
cells cultured on glass substrates, cells expanded on 2PP
substrates showed a significantly greater colony diame-
ter, which is an index of clonogenic potential.

[0210] Following medium conditioning on 2PP-cul-
tured cells, the expression of RUNX2 and BSP genes,
as well as PPAR-gamma, was significantly greater than
that measured on glass controls.

[0211] In conclusion, human MSC expanded on the
synthetic niche substrate maintained their proliferative
potential, clonogenic capacity and bilineage differentia-
tion potential more effectively than cells expanded on
glass substrates and in some aspects were comparable
to non-expanded cells.

Conclusions

[0212] The extension of the culture surface covered by
single niches to 10% of the culture surface proved to be
fundamentally important to achieve a greater number of
cells for the analyses, although the contribution from ar-
eas without niches conditioned the experimental results.
It can be stated that niches can guide the formation of
aggregates while maintaining MSC proliferative potential
and multipotency more effectively than 2D surfaces.
[0213] Therefore the niches, and in a particularly ad-
vantageous way the extended substrate, can be used for
the culture and expansion of undifferentiated MSC.
[0214] Once a critical number of cells has been ob-
tained, they can be conditioned to differentiate or main-
tained undifferentiated as required by the needs of treat-
ment, and then injected into a patient to treat presently
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incurable diseases, such as Parkinson’s disease, for ex-
ample.

[0215] The artificial niche substrate permits areduction
ofthe effects of 2D surfaces that affects biological results.
This demonstrates that 3D geometry and the consequent
method of cellular adhesion is an important source of
stimulation, perhaps the most important, in determining
the maintenance of MSC multipotency.

EXAMPLE 2

QUANTIFICATION OF THEEFFECT OF THENICHOID
SUPERMATRIX ON THE PLURIPOTENCY OF EM-
BRYONIC STEM CELLS WITHOUT CHEMICAL CON-
DITIONING

Materials and methods

Cells

[0216] The experiments on the nichoid supermatrix
were conducted using murine embryonic stem cells
(mESc). Not adhesion-dependent, these cells are highly
clonogenic and characterized by their reduced size (10
pm diameter) caused by a limited cytoplasmic region, in
this way promoting perfect homing inside the engineered
niches. The mESc utilized are a part of the R1 line and
were obtained from Nagy Lab at Mount Sinai Institute,
Toronto, Canada. The in vitro cell cultures were kept in
a controlled-atmosphere incubator at 37°C with 5% CO,
and 95% relative humidity. The culture medium was com-
posed as follows: DMEM (Gibco, 11960), 10% decom-
plemented FBS (Gibco, 16141), 1% L-Glutamine (Invit-
rogen, 25030024), 1% non-essential amino acids (Invit-
rogen, 11140035), 1% sodium pyruvate (Gibco, 11360),
1% Penicillin-Streptomycin  (Invitrogen, 15140122),
0.,1% B-mercaptoethanol 0.1 mM (Sigma M7522) e 1000
U/ml LIF (Millipore, ESG1107). The maintenance of the
line was promoted by the presence of feeder cells: here,
primary CD1 mouse embryonic fibroblasts were used af-
ter being treated in p3 with mitomycin-C (Roche,
10107409001), an alkylating agent that induces the for-
mation of a cross-link at DNA level, in this way preventing
duplication and therefore cellular proliferation. This treat-
ment is essential in order to enable precise control of the
density of these cells in culture. The expansion of the
mouse embryonic fibroblasts (MEF) up to p3 was con-
ducted in a specific medium composed of DMEM, 10%
FBS, 1% Penicillin-Streptomycin and 1% non-essential
amino acids. After being isolated from the animal and
treated with mitomycin, they were plated in flasks (Corn-
ing, USA) and pre-treated with 0.1% porcine gelatin with
density varying from between 6.5-10.5-103 cells/cm2:
Generally speaking, ifthelineis stable, mESc are seeded
on MEF with 26.5-103 cell/cm? density (or more simply,
two million in a T75). The medium was changed every
two days until confluence was reached. The detachment
process consisted of an initial incubation phase with
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trypsin (0.05% in medium R1) at 37 °C for 3 minutes, a
second centrifugation step at 1200 rpm for 5 minutes,
and lastly, the re-suspension of the pelletin complete R1
medium (R1+LIF) followed by new seeding in flask in the
presence of MEF. Cryo-preservation was performed with
DMSO (dimethyl-sulfoxide), which serves as an anti-
crystallizing agent, and subsequent storage in liquid ni-
trogen atmosphere at temperatures that should never
exceed -140 °C. The cryo-preservation medium was
composed of 10% DMSO, 10% FBS, and 80% complete
R1 medium with the addition of LIF. All the culture han-
dling operations described thus far must be performed
under a tissue culture hood (Jupiter, Cell Bio): a constant
flow of airinthe range of 545-550 m3/h permits operations
to be performed in sterile conditions. Sterility is guaran-
teed by a HEPA filter positioned downstream from the
inflow designed to withhold 99.97% of the particles with
greater than 0.3 um diameter.

Engineered niches

[0217] Compared to the experiments conducted by
Raimondi et al. (2013 e 2014) featuring single niches
spatially distributed differently in hexagonal patterns, the
configuration was modified in order to obtain higher nich-
es surface density. Two new sets of niches were pro-
duced: the first generation had a continuous matrix of
synthetic niches produced by the pairing of single niches
that completely covered a 6 mm diameter circular region.
This region was enclosed by a PDMS polymer crown that
permits the maximization of the area covered by the nich-
es compared to the glass substrate’s two-dimensional
surface, in this way enabling the coverage of 96% of the
total surface (see Figure 4A). These samples very often
present various damages due to the shrinking of the ma-
terial, which deforms the structure, and to cavitation,
which leads to the formation of bubbles and the conse-
quent rupture of the matrix (see Figure 4B-C). The diffi-
culty in obtaining uniform, defined, and unbroken matri-
ces led to the production of the second generation of set
of niches.

[0218] After the first generation, in order to reduce the
residual stress that determines volumetric reduction dur-
ing expansion, we decided to reduce the laser-written
surface area from 96% to 88% of the surface covered
using a new supermatrix configuration made of multiple
smaller matrices of 5x5 niches. Maintaining the 2PP set-
up unaltered, this solution was observed to be sufficient
to obtain a practically perfect supermatrix. Furthermore,
the second generation permitted a reduction in the time
required to obtain the samples: 14 hours against the 17
hours required by the first.

The 2D controls structure
[0219] The two-dimensional sample is the negative

control structure adopted in our experiment, meaning that
in this particular condition we expect the cells to com-
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pletely lose their capacity for self-renewal and generate
the expression of the characteristic genes of differentiat-
ed phenotype. Glass was selected for the 2D control
structure. In order to duplicate the same condition as that
of the nichoid sample, also the control structure had a
PDMS crown. The crown is obtained by pouring the base
and cross-linking solution (10:1) in a metal mold that is
inserted in an oven for the baking step conducted at 80
°C for 30-45 minutes as required by the hardness that
must be given to the crown. Air-plasma treatment is per-
formed under a tissue culture hood, with an ionizer in
order to expose and load the hydroxyl groups (-OH),
which in this way are capable of bonding together by ionic
bonding with the silicon atom in the glass’s siloxane
groups.

Sterilization and seeding

[0220] The same sterilization process was used to ster-
ilize the niches and the 2D control structures, and even
if it is rather simple, it required the fairly long time of two
days to perform. We used a shorter process than the
method adopted by Raimondi et al. (2014). The samples
were initially positioned in 24-well culture plates with low
adhesion in such way that the cells were able to adhere
only where either the nichoid or the glass of the 2D control
structure was present. The process began with 4 washes
in deionized water of 5 minute duration: moistening the
wells prior to beginning sterilization operations is recom-
mended because in low adhesion wells the samples ex-
hibit a marked tendency to float. This process continued
for 1.5 hours in a 70% ethanol solution with 4 washes of
5 minute duration in D-PBS 1% (Gibco, 14200-067) +
Penicillin-Streptomycin (Pen-Strep). At this point, condi-
tioning was performed with a complete R1 medium, and
the samples were left under a tissue culture hood over-
night with a UV lamp switched on. The day after UV ex-
posure, the samples were ready to be seeded: seeding
was performed at 10,000 cell/cm?2 density. All operations
were performed in sterile conditions.

Characterization of gene expression

[0221] The samples fixed at the three established
measurement time intervals were examined by fluores-
cence microscopy. The protein associated with the gene
was recognized through the primary antibodies that bond
directly to the target. Viewing under fluorescence micro-
scopy was enabled by a fluorophore bonded to the sec-
ondary antibody that possesses affinity for the primary
antibody to which it binds. Stemness and differentiation
markers are then used for distinction.

[0222] Stemness markers: Oct4 (Octamer-Binding
Transcription factor 4), this is the gene that characterizes
the state of stemness in the ESc.

[0223] Differentiation markers: Smooth Muscle Actinin
(a-SMA); NKX2-5, Homeobox-protein NKX2-5; GATA-4;
SOX-17; Blll-Tubulin.
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[0224] Matrix markers: Osteocalcin; Collagen type I.

Microscopic analysis technique

[0225] The samples were analyzed using various mi-
croscope techniques depending on what was to be ob-
served, the degree of detail to be reached, and whether
the culture being examined was to be kept alive or not.
The types of microscopic analysis adopted were phase
contrast microscopy, confocal microscopy, and Scan-
ning Electron Microscope (SEM).

Statistical analysis

[0226] We took 15 measurement photos at 3, 7, and
14 day intervals per marker and per sample (the 2D con-
trol structure, the nichoid structure, and the kidney matrix)
during the confocal microscopy image acquisition phase.
Statistical analyses were performed in a single experi-
ment among the various samples available for a deter-
mined marker.

Morphologic analysis

[0227] In addition to fluorescence analysis and the re-
spective quantification, assessments regarding the mor-
phological modifications that cultures undergo during the
first two weeks of maintenance in vitro were also con-
ducted. The first type of quantification in this regard is
the measurement of the diameters of the colonies
present throughout the entire sample for all three types
of scaffold.

Results

Morphological assessment

Time-course structural analysis

[0228] The degree towhich the adhesion substrate can
drastically influence cell behavior and make colonies as-
sume different shapes depending on the surrounding en-
vironment is well known. Morphological-structural anal-
ysis conducted using phase contrast microscopy and
SEM has led to the definition of how the substrates in
question - the 2D control structure and the nichoid - con-
tribute in various ways to the structural organization of
the cell cultures over time.

The 2D control structure

[0229] Glass is not the ideal culture substrate for this
particular type of cell; small colonies, in fact, clearly vis-
ible with phase contrast microscopy at culture day 3, have
spherical shapes with clearly defined, scarcely jagged
edges indicative of the fact that the few cells that permit
adhesion are found at the base of the colony, which how-
ever prefers a vertical rather than horizontal develop-
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ment. At around culture day 10, the embryoid bodies
(EBs) reach a size characterized by a height that varies
from 40 to 60 pum at which vertical development is no
longer preferred. Reaching the critical size leads to the
loss of roundish configuration and the consequent dis-
aggregation of the EB: the cells therefore begin coloniz-
ing the surrounding free substrate and reach confluence
in the time of 2-3 days. Direct interaction with the sub-
strate promotes a much more marked and specific de-
gree of differentiation than that of growth in EB configu-
ration. The distribution of cells over the surface during
culture demonstrates a type of behavior similar to that of
the colonies: initially, these are present in much higher
number in the external crown near the PDMS crown. This
is largely due to the effect of the crown during seeding:
during the filling of the well in which the sample is posi-
tioned, in fact, a bubble effect is produced inside the
crown that pushes the cells towards the outer part of the
culture region where they effectively adhere; for this rea-
son, the central region is scarcely colonized. Distribution
throughout the surface remains inhomogeneous until the
cellular diffusion derived from the disaggregation of the
EB leads to confluence.

Nichoids

[0230] The three-dimensional niche environment ex-
erts adifferent effect on cultures than the 2D control struc-
ture. After seeding, the cells precipitate inside the medi-
um until reaching the niche: some cells fall directly into
the pores on the top side and adapt to the 3D structure,
making use of their podia and protrusions (see Figure
10), whereas others, where the pores are smaller, stop
on the top side without penetrating.

[0231] This leads to the creation of two different situ-
ations: the cells inside the niche proliferate, perceiving a
3D environment engineered to maintain stemness,
whereas the cells outside grow in the form of EB as if a
normal 2D substrate were present.

[0232] Observing the culture with phase contrast mi-
croscopy, these two situations are clearly distinguisha-
ble: the colonies inside the niche have characteristic di-
ameters comparable with the size of the niche itself due
to the effect of containment that it exerts in five of the six
directions of development, whereas the colonies outside
the niche, which do not undergo any limiting effect, grow
until reaching the critical size. These latter, when ob-
served in time-course, can be seen to move on the top
side, varying their conformation and interacting with the
other cells that have adhered on the top side. Considering
these aspects, we decided to take into consideration dur-
ing gene expression analysis by confocal microscopy on-
ly the colonies inside the niches characterized by a limited
number of cells and reduced dimensions: only these
cells, in fact, perceive the 3D environment and will be
capable of maintaining pluripotency.

[0233] Two additional types of behavior were ob-
served. The first depended on the fact that the structure
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exerts a physical limit on five of its six faces and therefore
permits the cells to proliferate and migrate from the top
side, an event that occurs around culture day 6: from the
moment the cells exceed this limit, they behave exactly
as described above. The fact is that once the EB has
formed, it possesses a certain affinity for the cells in the
nichoid and makes a partial contribution to their migra-
tion. The second type of behavior regards the EBs them-
selves: in this case as well, their development comes to
a halt once their critical dimension has been reached, at
which point they disaggregate. The cells that come from
the EB fall back onto the structure and re-populate the
niches.

[0234] In order to assess the possible re-utilization of
the niches just cleaned, it was decided to include them
in the fluorescence experiment together with other types
of sample. To this purpose, the sample structures were
re-sterilized by standard process and thenreseeded. The
structure did not undergo modification of any kind at all
in the second utilization, suggesting that any damage
present must be ascribed solely and exclusively to the
productive process and not the cell culture.

Colony diameter analysis

[0235] Because itdoes not pose any constraint on col-
ony development, the 2D control structure constantly pro-
motes higher average diameters than those of the colo-
nies on the nichoid over time. Furthermore, the two niche
configurations seem to affect growth in the same way.
One important aspect is the ratio between average col-
ony diameter and characteristic niche dimension. The
fact that these two dimensions remain similar provides
important indication of the fact that the colonies are ef-
fectively inside the niche because they exert, as previ-
ously mentioned, a physical containment effect: this is
undeniably true for the measurement made at the first
time interval. After around 7 days, however, a part of the
colonies begins growing beyond the 90 wm containment
area, and after 14 days, the formation of EBs has become
predominant with the development of colonies above the
top side of the niche.

Stemness and differentiation marker assessment

[0236] The setting was conducted by culturingmES on
18x18 mm square coverglasses having the same me-
chanical and surface characteristics as the glass sub-
strate of the 2D control structures and the niches.
[0237] The definitive markers used were therefore
OCT4, GATA4, NKX2-5, and aSMA. The three differen-
tiation markers all characterize the cardio-myocyte col-
onies in various ways.

ExpO01: First generation nichoids

[0238] In this first experiment, first generation nichoids
were used, in other words, those with surfaces inside the
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PDMS crown completely written and occupied by the
structure. Also niches obtained through trypsinization
used in a previous test were tested.

[0239] The NKX2-5 cardiac marker was observed to
be not expressed in all culture conditions. As regards the
other two differentiation markers instead, the expression
trend proved to be as expected and already qualitatively
assessed on glass in the calibration test. GATA4, in fact,
displays the classic up-down-up expression on the 2D
control structure, and as already observed, presents high
levels at TO, whereas aSMA increases in terms of area
as the culture proceeds. Nichoids, instead, demonstrate
very different trends for the two markers, but share the
characteristic of reducing both. Despite an initial level of
GATA4 comparable to that of the control structure, the
expression of the gene in successive measurements was
completely extinguished in the niche. As regards aSMA
instead, the niche was shown to discourage such expres-
sion, even if at culture day 14 it was present in minimum
degree, but much lower than in the 2D control structure,
however. One important aspect is that the differentiation
marker results obtained with new and re-utilized nichoids
were entirely comparable, and this means that the struc-
ture maintains its properties even when it is reused.
[0240] After analyzing differentiation marker trends,
the influence of the substrates on cell stemness was stud-
ied. The most important result was observed on culture
day 7: at both the level of percentage overlap between
markers and DAPI and the level of mean intensity, in fact,
the niche was observed to promote higher levels of ex-
pression of OCT4 than both the other two control struc-
tures under study. This confirms that the nichoid’s 3D
structure is necessary and sufficient (given that no chem-
ical conditioning was provided) to maintain pluripotency.
At culture day 14, such effect is no longer due to the
phenomenon of the colonies’ having exceeded the phys-
ical limit that determines the loss of interaction with the
controlled 3D environment described above. As regards
differentiation markers, new niches and re-utilized niches
present entirely comparable results.

[0241] In conclusion, the niche was shown to promote
pluripotency more than the other two control structures
while also inhibiting differentiation. The 2D control struc-
ture demonstrated the behaviors expected, promoting
the expression of GATA4, and above all, aSMA, which
localized on the sides of the colonies in contact with glass,
confirming that the stiffness of the substrate is fundamen-
tal for its promotion.

Exp02: nichoid supermatrix

[0242] The same experimental protocol was applied in
the second experiment that involved the use of the su-
permatrix according to the invention (comprising sepa-
rate matrices of niches). The results confirm those of the
previous experiment, with the fundamental advantage of
allowing a significant scaling-up of the stem cell culture
without the problems caused by rupture due to shrinkage
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and even a surprising structural stability.
Conclusions

[0243] The impossibility of prior art to keep adult stem
cells undifferentiated in prolonged culture places a note-
worthy limit on their potential for application in the field
of regenerative medicine and tissue engineering. The de-
gree to which substrates with defined three-dimensional
structures that mimic the native micro-environment of
stem cell niches promote both the maintenance of adult
stem cells multipotency in prolonged culture and an iso-
tropic tension state have recently been shown. One of
the most relevant results (Example 1) was achieved by
seeding MSC on a controlled-geometry niches obtained
using the 2PP technique: cell density inside the synthetic
niche was shown to be 67% higher than that of the ex-
ternal region, in fact. Furthermore, the cells contained
inside it did not express differentiation markers, in this
way suggesting that the niche promotes a significant
maintenance of stemness.

[0244] Inanother experiment, the effect of the synthetic
niches on a more reactive cell population with higher dif-
ferentiating power than MSC was assessed: murine em-
bryonic stem cells (mESc). In order to assess the effect
of synthetic niches on pluripotency and differentiation,
two separate substrates were cultured: the niches and a
2D control structure (glass). The cultures were allowed
to proceed for 14 days without any chemical conditioning
(LIF). The results show that the niche promoted pluripo-
tency maintenance with the expression of OCT4 to a
much greater degree than the control structure present
while at the same time inhibiting differentiation, charac-
terized by the markers such as GATA4, aSMA, and
NKX2-5thatwere instead expressed on the glass control.
This demonstrates that the synthetic niche is capable of
exerting a tension state favorable to maintaining the
pluripotency of mESc as well.

[0245] Even more significantly, the supermatrix ac-
cording to the invention maintains the same characteris-
tics of the individual niche, with the fundamental advan-
tage of offering a much larger surface combined with el-
evated structural stability that increases culture capacity
considerably.

Claims

1. Asupermatrix of synthetic niches comprising at least
two matrices of synthetic niches,

wherein each matrix comprises n x m synthetic
niches, wherein n and m, the same or different
from each other, have a value > 1, provided that
one of mor nis > 2 and with a maximum value
of m and n which allows to maintain the structure
of the single synthetic niche intact such that
shrinking of the material does not cause signif-
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icant disruptions, and

wherein the distance (d) between a synthetic
niche matrix and the other is greater than zero
and

wherein in each matrix every synthetic niche has
one or more walls in common with the other(s)
synthetic niche(s) of the matrix.

The supermatrix according to claim 1, wherein said
maximum value for n and mis 100.

The supermatrix according to claim 1 or 2, wherein
m and n have the same value.

The supermatrix according to any one of claims 1-3
wherein the height of the supermatrix is comprised
between 30 and 100 pum.

The supermatrix according to any one of claims 1-4,
which is made of a photopolymerizable resin.

The supermatrix according to any one of claims 1-5,
wherein the walls of one or more of said synthetic
niches are covered with molecules providing a signal
inducing maintenance of the pluripotency and/or with
molecules facilitating adhesion of cells to the niche.

A support for the culture of cells comprising at least
one supermatrix of anyone of claims 1-6.

The support according to claim 7 which is made of
glass or of a polymer.

The support according to anyone of claims 7-8, in
which the surface on which the supermatrices are
fabricated is coated with an agent that reduces the
wettability of said surface, preferably an antifouling
agent.

The support according to anyone of claims 7-9,
which is a mono- or multi-well culture plate or a flask.

A multi-well culture plate in which the bottom of said
plate is covered by one or more supermatrices of
synthetic niches of anyone of claims 1-6.

Use of the supermatrix of anyone of claims 1-6 or of
the support of anyone of claims 7-10 for in vitro cul-
ture of cells.

Use according to claim 12, wherein said cells are
stem cells, preferably multipotent or pluripotent stem
cells.

Use of the supermatrix of anyone of claims 1-6 or of
the support of anyone of claims 7-10 in the analysis
of cell samples, in particular in the diagnostic field.
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15. The supermatrix of anyone of claims 1-6 for use for

in vivoimplant in a subject in order to promote tissue
or organ regeneration through cell repopulation.

Patentanspriiche

Supermatrix aus synthetischen Nischen mit mindes-
tens zwei Matrizen aus synthetischen Nischen,

- wobei jede Matrix n X m synthetische Nischen
aufweist, wobei n und m, die gleich oder von-
einander verschieden sind, einen Wert > 1 auf-
weisen, vorausgesetzt, dass einer von m oder
n > 2 und ein Maximalwert von m und n ist, der
ein Aufrechterhalten der Struktur der einzelnen
synthetischen unversehrten Nischen ermdg-
licht, so dass ein Schrumpfen des Materials kei-
ne signifikanten Stérungen verursacht, und

- wobei der Abstand (d) zwischen einer synthe-
tischen Nischenmatrix und der anderen gréRRer
als Null ist, und

- wobei in jeder Matrix jede synthetische Nische
eine oder mehrere Wande gemeinsam mit der
(den) anderen synthetischen Nische (n) der Ma-
trix aufweist.

Supermatrix nach Anspruch 1, wobei der Maximal-
wert fir n und m 100 ist.

Supermatrix nach Anspruch 1 oder 2, wobei m und
n den gleichen Wert aufweisen.

Supermatrix nach einem der Anspriiche 1 bis 3, wo-
bei die HOhe der Supermatrix zwischen 30 und 100
pm liegt.

Supermatrix nach einem der Anspriiche 1 bis 4, die
aus einem photopolymerisierbaren Harz hergestellt
ist.

Supermatrix nach einem der Anspriiche 1 bis 5, wo-
bei die Wéande einer oder mehrerer der syntheti-
schen Nischen mit Molekilen, die ein Signal vorse-
hen, das eine Erhaltung der Pluripotenz erzeugt, und
/ oder mit Molekiilen bedeckt sind, die ein Anhaften
von Zellen an der Nische erleichtern.

Unterlage fiir die Kultur von Zellen mit mindestens
einer Supermatrix nach einemder Anspriiche 1 bis 6.

Unterlage nach Anspruch 7, die aus Glas oder einem
Polymer hergestellt ist.

Unterlage nach einem der Anspriiche 7 bis 8, bei der
die Oberflache, auf der die Supermatrizen herge-
stellt sind, mit einem Mittel, vorzugsweise einem An-
tifoulingmittel, beschichtet ist, das die Benetzbarkeit
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der Oberflache verringert.

Unterlage nach einem der Anspriiche 7 bis 9, die
eine Monowell- oder Multiwell-Kulturplatte oder ein
Kolben ist.

Multiwell- Kulturplatte, bei der der Boden der Platte
von einer oder mehreren Supermatrizen aus synthe-
tischen Nischen nach einem der Anspriiche 1-6 be-
deckt ist.

Verwendung der Supermatrix nach einem der An-
spriiche 1-6 oder der Unterlage nach einem der An-
spriiche 7-10 fur die In-Vitro-Kultur von Zellen.

Verwendung nach Anspruch 12, wobei die Zellen
Stammzellen, vorzugsweise multipotente oder plu-
ripotente Stammzellen, sind.

Verwendung der Supermatrix nach einem der An-
spriiche 1 bis 6 oder der Unterlage nach einem der
Anspriiche 7-10 bei der Analyse von Zellproben, ins-
besondere auf diagnostischem Gebiet.

Supermatrix nach einem der Anspriiche 1 bis 6 zur
Verwendung fiir ein in-vivo Implantat in einem Sub-
jekt, um eine Gewebe- oder Organregeneration
durch eine Zellrepopulation zu férdern.

Revendications

Supermatrice de niches synthétiques comprenant
au moins deux matrices de niches synthétiques,
danslaquelle chaque matrice comprend n x m niches
synthétiques, ou n et m, qu’ils soient identiques ou
différents I'un de l'autre, possédent une valeur > 1,
a condition que I'un de m ou n soit > 2 et avec une
valeur maximum de m et n qui permet de maintenir
la structure de la niche synthétique individuelle in-
tacte de sorte qu’une contraction du matériau n’en-
traine pas de perturbations significatives, et

dans laquelle la distance (d) entre une matrice de
niche synthétique et I'autre est supérieure a zéro et
dans laquelle, dans chaque matrice, chaque niche
synthétique comporte une ou plusieurs parois en
commun avec l'autre/les autres niche(s) synthéti-
que(s) de la matrice.

Supermatrice selon la revendication 1, dans laquelle
ladite valeur maximum pour n et m est 100.

Supermatrice selon la revendication 1 ou 2, dans
laquelle m et n possédent la méme valeur.

Supermatrice selon I'une quelconque des revendi-
cations 1 a 3, dans laquelle la hauteur de la super-
matrice est comprise entre 30 et 100 pm.
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Supermatrice selon I'une quelconque des revendi-
cations 1 a 4, qui est constituée d’'une résine photo-
polymérisable.

Supermatrice selon I'une quelconque des revendi-
cations 1 a 5, dans laquelle les parois d’'une ou de
plusieurs desdites niches synthétiques sont recou-
vertes de molécules fournissant un signal induisant
un maintien de la pluripotence et/ou de molécules
facilitant 'adhésion des cellules a la niche.

Support pour la culture de cellules comprenant au
moins une supermatrice selon I'une quelconque des
revendications 1 a 6.

Support selon la revendication 7 qui est constitué de
verre ou d’un polymeére.

Support selon 'une quelconque des revendications
7 a 8, dans lequel la surface sur laquelle les super-
matrices sont fabriquées est revétue d’'un agent qui
réduitla mouillabilité de ladite surface, de préférence
un agent antisalissure.

Support selon 'une quelconque des revendications
7 a9, qui est une plaque de culture monopuits ou
multipuits ou un flacon.

Plaque de culture multipuits dans laquelle le fond de
ladite plaque est recouvert par une ou plusieurs su-
permatrices de niches synthétiques selon I'une quel-
conque des revendications 1 a 6.

Utilisation de la supermatrice selon 'une quelconque
des revendications 1 a 6 ou du support selon 'une
quelconque des revendications 7 a 10 pourla culture
in vitro de cellules.

Utilisation selon la revendication 12, dans laquelle
lesdites cellules sont des cellules souches, de pré-
férence des cellules souches multipotentes ou plu-
ripotentes.

Utilisation de la supermatrice selon 'une quelconque
des revendications 1 a 6 ou du support selon 'une
quelconque des revendications 7 a 10 dans'analyse
d’échantillons cellulaires, en particulier dans le do-
maine diagnostique.

Supermatrice selon I'une quelconque des revendi-
cations 1 a 6 destinée a étre utilisée pour une im-
plantation in vivo chez un sujet afin de promouvoir
la régénération d’un tissu ou d’'un organe par un re-
peuplement cellulaire.
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